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(54) TiUe: OPTICAL CHEMICAL SENSING DEVICIE WITH PYROELECTRIC OR PIEZOELECTRIC TRANSDUCSl 





ID 

ON 

^ (57) Abstract: This invention relates to a device (1) for d^ecdng eneigy generated by non-mdiative decay generated in a substance 
(2) on iixadiation with elecnomagnedc radianon. The device (I) comprises a xadiatibn somce (6) adapted to generaie a series of 
O pulses of electromagnetic radiation, a transducer (3) having a pyioefectric or piezoelectnc element and electrodes (4, 5), which is 
^ cajable of cransducing the energy generated by die substance (2) into an electrical signal, and a deiecmr (7) which is'a^^le of 
^ detecting the electrical signal generated by the transducer (3). The detector (7) is adapted to determine die time delay between each 
^ pulse of electromagnedc radiation from the radianon source (6) and the generation of the electric signaL The device (I) has a ^3wde 
api^icatnfiQr in die fields of assays and monitorii^. • .- _ 
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OPTICAL CKSFEECAi SBSSING DBVIC3 WITH PYHOEi-BCTRXC OR PISZOai^CTRTC TR>JISDOCBR 

The presmt inventioii relate to a ckemical s ensfn g device and in particular to a 
diCToical sensing device employbig a trazisducer. 

5 

The monitoring of analytK in solution, such as biologically importsnt conqjounds in 
bioassays, has a broad ^plicability. Accordingly, a wide variety of analytical and 
diagnostic devices are available. Many devices onploy a reagent which undergo^ an 
eye-detectable colour change in the presence of the ^edes being detected. The 
10 reagent is often earned on a test strip and optics may be provided to assist in the 
measnremCTt of the colour change. 

WO 90/13017 disclose a pyroelectric or other thennoelectric transducer element in a 
strqp jfomL Thin film electrodes are provided and one or more reagents are deposited 

15 on the transducer surface. The reagoit undergoes a sel^i^ve colorimetric change 
when it comes into contact with the species b^g detected. The device is then 
typically inserted into a detector where the transducer is illuminated usually from 
below by an LED Kght sottrce and Hgjit absoiption by die reagent is detected as 
microscopic heating at the transducer surface. The electrical signal output from the 

20 transducer is proc^sed to derive the concentration of the species being detected. 

Hie system of WO 90/13017 provides for the analysis of species which produce a 
rolour change in the reagent on reaction or coxnbinatian with the reagent For 
exBnq>le, reagents include pH and heavy metal indicator dyes, reagents (e.g. o-cresol 

25 in ammoniacal coppar solution) for detecting aminophenol in a paracetarhol assay, 
and a tetra2x>Iium dye for detecting an oxidoreductase enzyme in an enzyme-linked 
ixnmuno-sorbant a^ay (ELLSA). However, while tins systCTa is useftd in certain 
applications, it has beea consid^ed suitable only fc>r analysis where tihe species being 
analysed generate a colour change in the reag^t since it is the reagent which is 

30 located on the surfece of the transducer. Therefore, this system cannot be applied to 
the analysis of species which do not cause a colour change in flie reagent or when tiie 
colour change is not on the stirface of the transducer. In the field of bioassays, this 
grvM the system limited aqpplicability. 
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Accordingly, the pzi^ent iccvention provides a device for datectiBg enCTgy geueialed 
by noDrradiative decay in a substance on irradiation with electromasn^c radiation 
con^rising a radiation sonrce adapted to generate a sedss of puls^ of 
electromagnetic radiation, a ttanscfaica: having a pyrodectric or piezoelectric elCTieot 
and electrodes v^hicb is capable of transducing the energy gensated by the substance 
into an el^rtiicai signal, and a detector whicb is capable of det^rting the electrical 
si g nal generated by the transducer, wherein the detector is ad^ted to determine the 
time delay betweoi each pulse of electromagnetic radiation from the radiation source 
and the generation of the electric signal, 

Th& present invention relies on the finding by the applicant that ^lergy, typically heat, 
generated by non-radiative decay in a substance on irradiation widi elecbnomagnietic 
XjadiaAon^ herein termed "li^tf , may be detected by a transducer even whsa the 
substance is not in contact with the transducer and moreover, that the time delay 
between tilie irradiation with electromagnetic radiation and the elec^cal signal 
produced by tiie transducer is a fimction of the distance of the substance fiom the 
surfece of the film This finding has a wide applicability in the fields of assays and 
monitoring. 

The present invention also provides a method for detecting energy generated by non- 
radiative decay in a substance on irradiation with electromagnetic radiation, 
con^rising the st^s of irradiating the substance with a seri^ of pulses of 
electroniagnetic radiation to generate enear^^ transducing the change in energy to an 
electrical signal using a transducer having a pyroel«:tric or piezoelectric element and 
electrode \^c1l is c2Q)able of transducing a change in energy to an electrical signal, 
detecting die electrical signal goiearated by the transduce, and det^crnining Hie time 
delay between each pulse of electroniagnetic radiation &om the radiation source and 
the generation- of the electric signaL 

The present invention mil now be desaribed widi reference to the drawings, in which , 
Fig. 1 shows a schematic reprraentadon of the chCTsical sensing device of the present 
invention;^ 

Fig. 2 shows a sandwich immunoassay using the device of the present iavention; 
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Hg. 3 shows a lateral-flow assay device in accordance with the.prKent imreaxtion; 
Fig. 4 shows a gr^h of reader vahie against time for (a) a labelled antibodjr on a 
piezoelectric £Qm and (b) a labelled antibody in ^lution, both being enhanced by 
catalytic depositicm of metallic ^iver, 
5 Fig. 5 shows fee results of a sandwich assay using a colloidal gold-labell^ antibody 
being en ha n c ed by catalytic deposition of metalhc silver on the surfece of the 
piezoelectric film; 

Fig. 6 shows the results of a sandwich assay usiug a gold-labelled antibody followed 
- by catalytic dq>osition of metallic silvo: on the surfece of the piezoelectric frliri using 
10 five dijSferCTt analyte concCTfrations; 

Fig. 7 shows a graph of connts against fihn thickness demonstrating energy 
transference throu^ a coloured layer above an uncoloured layer which trans&rs 
energy to a piiszoelectric fihn; and 

Fig. 8 shows a graph of connts against correlation delay demonstrating energy 
15 transference througjb a coloured layer and an uncoloured layer which transfers oaCTgy 
to a piezoelectric film 

Fig, 1 shows a chemical sensing device 1 in accordance with the present invention 
which relies on heat generation in a substance 2 on irradiation of the substance 2 with 
20 electromagnetic radiation. Fig. 1 shows the chemical sensing device 1 in the presence 
of a substance 2. The device 1 conqnises a pyroelea^tric or piezoelectric transducer 3 
having electrode coatings 4^. The transdncer 3 is prrferably a poled polyvinylidene 
fluoride fiW The electrode coatings 4,5 are preferably formed firom indium tin oxide 
having a thickness of about 35 run, although almost any thickness is possible firom a 
25 lower linnt of I nm below which the electrical conductivity is too low andL an upper 
limit of 100 nm above wMdt fihe optical transmission is too low (it should not be less 

than 95%T). A substance 2 is held nTDxiinal to the piezoelectric hrmf^dt^r^^ ^ ngir^g 

any suitable technique^ shown here attached to the upper el^:trode coating 4. The 
substance may be in any suitable form and a plurality of substances maybe d^osited. 
30 Preferably, the substance 2 is adsorbed on to the upper electrode, e.g. covateitly 
coupled or bound via intermolecular forc^ such as ionic bonds, hydrogen bonding or 
van der Waal - s forces. A key feature of the present invention is -that the substance 2 
geaerat^ heat when irradiated by a source of electromagnetic radiation 6, such as 
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Kght, prefesrably visible lig^ The ligjit source may be, for example, an LED. The 
hgbt source 6 iflmninates the substai2ce 2 with li^ of the appiopdate wavelengfli 
(e.g, a complaneataiy colour). Although not wishing to be bound by theory, it is 
believed that the substance 2 absorbs tiie li^ to generate an es:cited state which then 
5 undergoes non-radiative decay th^^y g^ierating energy, indicated by tihs curved 
hnes in Fig. 1. This energy is primarily in the form of heat (i.e. thermal motion in the 
environment) although other farms of energy, e.g. a shock wave, may also be 
generated. The oiergy is, however, detected by the transducer and converted into an 
electrical signaL The device of the present invention is calibrated for the particular 

10 substance being measured and hence the precise form of the energy generated by the 
non-radiative decay does not need to be deterznined. IMess ofixerwise specified the 
tenn "heat" is used herdn to mean the energy generated by non-radiative decay. The 
light source 6 is positioned so as to iUuminate the substance 2. Preferably, fbe U^t 
source 6 is positioned below the transducer 3 and electrodes 4,5 and the substance 2 is 

15 illuminated through the transdii^er 3 and electrode 4,5. The K^t source may be an 
iotemal light source within the transducer 'm which the li^t source is a guided wave 
system. The wave guide may be the transducer itself or the wave guide may be an 
additional layer attached to the transducer. 

20 The energy generated by the substance 2 is detected by the transducer 3 and converted 
into an electrical signal The electrical signal is detected by a detector 7. The li^t 
source 6 and the detector 7 are both under the control of the controller 8. The E^it 
source 6 generates a series of pulses of ligjit (the temi "li^if* used herein means any 
form of electromagnetic radiation imless a specdfic wavelength is mentioned) which is 

25 termed ''chopped li^f. In principle, a single flash of light, ie. one pulse of 
electromagnetic radiation, woidd suffice to generate a signal fix>m the transducer 3. 
However, in ord« to obtain a r^roducible signal, a plurality of flashes of li^t are 
used ^Hiiich in practice requires chopped light The frequency at which the pulses of 
el^tromagnetic radiation are applied may be varied- At tibie lower limit, fixe time 

30 delay between the pulses must be sufficient for the time delay between each pulse and 
the generation of an electrical signal to be determined. At the upper limit, the time 

delay between each.pulse must not be so large that the period taken to record the data . ^ 

becomes unreasonably extended* Preferably, the frequency of ttie pulses is from 2-50 



4 



wo 2004/090512 



PCT/CB2004^dl551 



Hz, more preferably 5-15 Hz and most prefeably 10 Hz. This corresponds to a time 
del^ between pulses of 20-500 ms, 66-200 ms and 100 ms, respectively. In addition, 
the so-called "mark-space" ratio, Le. the ratio of on signal to off signal is preferably 
one although other ratios may be used without deleterious effect Sources of 
5 electromagnetic radiation which produce chopped li^t v/ifli different firequmciK of 
chopping or. different maik-space ratios are known in the art The detector 7 
determines the time delay (or "correlation delay^ between each pulse of li^ from 
light soim:e 6 and the corr^onding electrical signal detected by d^^ector 7 from 
transducer 3. The applicant has fotmd diat this time delay is a function of the 
10 distance, d. 

Any method for d^etmining fiie time delay between each pulse of and the 
corresponding electrical signal which provide reproducible results may be used. 
Prefbrably, flie time delay is measured from the start of each pulse of light to the point 
15 at which a mi^xiTniiTTi in ttie electrical signal corrraponding to flie absorption of heat is 
detected as by detector 7. . 

The jSnding that the substance 2 may be s^arated from the transducer surfece and 
that a signal may stfll be detected is surprisiQg since ttie skilled person wotdd have 

20 expected the heat to be di^ersed into the surrounding medium and hence be 
imdetectable by ttie transducer 3 or at least for no meaningful signal to be received by 
the transducer. The appUcant has found, surprisingly, that not only is the signal 
detectable throu^ an intervening medium capable of transmitting energy to the 
transducer 3, but that different distance, d, may be distinguished (this has been 

25 teamed "depth profiling") and that the intensity of the signal received is proportional 
to the concentration of flie substance 2 at the particular distance, d, fix>m flie surfece of 
the transducer 3. MoreovOT, the ^licant has feund that the nature of the medium 
itself influCTces the time delay and the ma^tude of the signal at a given time delay. 
These fridtngg provide a wide number of new applications for chemical sensing 

30 devices enaploying a transduicer, 

- In one enaibodiment, the present invention provides a device as defined above wherein 
the substance is an analyte or a complex or derivative of the analyte, die device being 
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used for detscting &e azialyte in a sample, &e device fisrfiier compnsiixg at least one 
reagent proximal to the transdocer, the reagent having a binding site ^which is capable 
of binding the analyte or the eomplex or derivative of the analyte, wherein the analyte 
or the complex or derivative of ttie analyte is capable of absorbing flie electromagnetic 
radiation generated by the radiation sotirce to generate heat, wherein, in use, the heat 
generated is traasduced into an electrical signal by the transducer and is detected by 
the detector, and the time delay between each of the puls^ of electromagnetic 
radiation and tiie generation of the electric signal coire^onds to the position of the 
analyte at any of one or more positions at differegot distances from the surfece of the 
transducer. The presmt invention also provides a method for detecting an analyte in a 
sample, comprising die stqps of esqposing the sample to a transducer having a 
pyroelectric or piezoelectric elCToient and electrodes which is cspable of transducing a 
change in heat to an electrical signal, die transducer having at least one reagent 
proximal thereto, the reag^ having a binding site which is capable of binding the 
anal3^te or a complex or derivative of ttie analyte, the analyte or the complex or 
derivative of the analyte b^g enable of absoibing the electromagnetic radiation 
generated by the radiation source to generate heat; irradiating the reagent with a series 
of pulses of electromagnetic radiation, transducing the heat generated into an 
electrical signal; detecting the electrical signal and Ihe time delay between each pulse 
of electroniagnetic radiation from the radiation source and the generation of the 
electric signal, wherein the time delay between each of the pulses of electromagnetic 
radiation and the generation of the electric signal corrKponds to the position of the 
analyte at any of one or more positions at different distances from the surface of the 
transducer. Such a device and method have appUcabHiiy in, for example, 
innnunoassa>^ and nnclric addr-based assays. In a prefrared .^anq)le of an 
inmnmoassay, the reagent is an antibody and the analyte is an antigen. 

In a typical immunoassay, an antibody spedfic for an antigen of inters is attached to 
a polymeric support such as a ^eet of polyvinyichloride or polystyrene. A drop of 
ceU extract or a sample of serima or urine is laid on the sheet, which is washed afier 
formation of the antibody-antigen complex. Antibody specific for a different site on - 
the antigen is then added, and the sheet is agata washed. This second antibody .carries 
a label so fliat it can be detected with high sensitivity. Hie amount of second antibody 
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- boioid to the.sheet isproportiozial to ^ qoaxiti This assay 

. and other vanations on this type of assay are well known, see, for example, "The 
Iromimoassay Handbook, 2nd Ed" David Wild, Ed^ Nature Publishiog Groiq>, 2001. 
The device of the present invention may be used in any of these assays. 

5 

By way of example. Fig. 2 shows a typical c^ture antibody assay using the device of 
the present invention. A device includes a transducer 3 and a well 9 for holding a 
liquid 10 containing an analyte 1 1 dissolved or suspended therexcL The transducer 3 
has a number of reagmts, i.e. antibody 12, attached thereto. The antibody 12 is 
10 shown attached to the film in Fig. 2 and this attachment may be via a covalent bond or 
by non-covalent adsorption onto the surface, such as by hydrogen boxufing« Althou^^ 
the ffitibody is shown as attached to the transducer, any technique fi>r holding the 
antibody 12 proximal to the transducer 3 is q>plicable. For es:aziq>le, an additional 
layer may s^arate the antibody 12 and the transducer 3, such as a silicone polymer 
15 layer, or the antibody could be attached to inert particles and the inert particles are 
then attached to the transducer 3. Altmiatively, the antibody 12 could be strapped 
within a gel layer which is coated onto the surface of the transducer 3. 

In use, the well is filled with liquid 1 0 (or any fluid) containiiig an antigen 1 1 . The 
20 antigai 1 1 then binds to antibody 12. Additional labelled antibody 13 is added to the. 
liquid and a so-called "sandwich'* complex is formed between the bound antibody 12, 
the antigen 11 and the labelled antibody 13. An excess of labelled antibody 13 is 
added so that all of fihe bound antigen 11 forms a sandwich con:Q>lex. The sample 
, therefore contains bound labelled antigen 13a and unbound labelled antigen 13b fiee • 
25 rn solution. 

During or following formation of the sandwich con^lex, the sanq^le is irradiated 
using a series of pulses of electromagnetic radiation, sudh as hght. The time delay 
between each pulse and the generation of an electrical signal by the transducer 3 is 
30 detectoi by a detector. The appropriate time dtelay is selected to measure only thie 
heat gen^ated by the bound labelled antigen 13 a. Since the time delay is a fimctioa 

of the distance of the label jBrom the tiansducer 3, the bound labelled antibody I3a 

may be distinguished firom the unbound labelled antigen 13b. This provides a 
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significant advantage over the conv^itiozial sandwich immunoassay in that it removes 
the need for washing st^s. hi a conveotional sandwich hmnonoassay, fiie vmbound 
labelled antibody mnst be sepa:rated &om &e bound labelled antibody before any 
measiusnent is taken since the unboimd labelled antigen intezf^es witii the signal 
generated by the bound labelled antigen. However, on accotmt of the ^depdi 
profiling^ provided by the present invCTtion, bound and unbound labelled antig^ 
may be distinguished. Indeed, the ability to di,stiTiguish betweo:! substances proximal 
to the transducer and substances in the bulk solution is a particular advantage of the 
present invaition. 

The labelled antibody is preferably labeUed with a label selected from a dye molecule, 
a gold particle, a coloured polymer particle (e.g. a coloured latex particle), a 
fluorescent molecule, an CTzyxne, a red blood cell, a haamo^obin molecule, a 
magnetic particle and a carbon particle. However, any label capable of interacting 
with electromagnetic radiation to generate heat would be accqptable. In the case of a 
magnetic particle, tiie electromagnetic radiation is radio firequency radiatiotL All of 
the otiier labels xnentioned hereroaboye employ Ti0sL In the case of a gold particle, 
the label is enhanced using a solu^tion of silver ions and a r^hicing agent The gold 
catalyses/activatK the reduction of the silver ions to silver metal and it is tiie silver 
metal which absorbs the li^t. All of these labels are conventional 

The labeEed antibody, or indeed any one or more additional reagents are preferably 
stored in a chamber incorporated into the device of the preset invention. 

The antigen is ^ically a protein, such as a protein43ased hormone, althou^ smaller 
molecule, such as dmgs, may be detected* The antigen may also be part of a larger 
particle, such as a virus, a bactexxmn, a cell (e.g. a red blood cell) or a priorL 

As a further example of known immunoassays, the present invaition may be applioi 
to conqpetitrve assays in which the electrical signal detected by flie detector is 
invCTsely proportional to tiie presence of an unlabelled antigen in flie sample. In t his 
case, it is the amoimt of the imlabelled antigen in the sample which is of interest 
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In a conqj^tive immunoassay, an antibody is attached to the transducer as shown in 
Fig. 2. A sansple containing the antigen is then added. However, rather ftian adding a 
labelled antibody, a known amount of labelled antiga is added to the solution. The 
labelled and unlabelled antigens flioi compete for binding to &e antibodies attached 
5 to the transducer 3* The concentration of the bound labeil^ antigen is then inversely 
proportional to the concentration of bound unlabelled antigen and hence^ since the 
amount of labelled antigen is known, the amount of unlabelled antigen in the initial 
solution may be calculated. The same labels specified with reference to the antibodies 
may also be used with the antigens. 

10 

In an CTibodiment of flie pr^ent invention, flie analyte being detected may be preseixt 
in a sample of whole blood. In many conventional assays, fhe presence of other 
conqxxnents of the blood in solution or suspension, such as red blood cells, interferes 
with the detection of the particular analyte of int»:esL However, in tie device of the 
15 present inveaxtion, since only the signal at a known distance &om the transducer 3 is 
detemnned, the other components of the blood which are free in solution or 
suspension do not interfere with the detection. This simplifies the analysis of a blood 
sample since a separate separation step is not required. An apparatus for measuring 
analyte levels in a blood sample preferably comprise a hand-held portable xeader and 
20 a disposable device containing the pie^electric film. A small sample of blood (about 
10 microJitres) is obtained and transfeired to a chamber within die disposable device. 
One side of the chambea: is made fiom the piezodectric fihn coated with an antibody 
enable of binding to the analyte of interest. An additional solution may then be 
added corOaining, for eKampIe, labelled antibody or a known conc^tration of labelled 
25 antigen as d^cribe^ above.. The reaction is allowed to proceed aaad the disposable 
device is tiien ins^ed into the reader which activates the measurement proc^. The 
i^ults of the assay are then indicated on a display on flie reader- The disposable 
device containing the piezoelectric film is then removed and discarded. 

30 A potential source of background interference is the settling of suspended particles on 
to the surface of the pyroelectric or piezoelectric transducer. For example, this might 
occur in some devices using flie generatibn of silver particles. This source of 
•interference may be avoided by positioning the transduce above tiie bulk solution. 
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e.g. on file upper sur&ce of tiie reaction chHznber. Thus, if my settling occurs, it will 
not iatearfere wifli the transdncear. Alteiaiatively, the particles could be less dense than 
the medium and hence float to ttie snr&ce of the buU: solution rather than settUng on 
the suila ce of the transducer. This and o&ea: modifications are included in &e scope 
5 of the present iaventiotL 

In another embodimCTt, the device of tiie present indention is ^plied to lateral-flow 
analysis. This lias particular application for the detection of human chorionic 
gonadotrophin (HCG) in pregnantcy testmg. 

10 

Rg, 3 shows a simplified lateral flow device 14 in accordance with ftie present 
invention. The device has a filter paper or other absorber 15 containing a samp le 
receiver 16 and a wide 17 togeflier with first and second zones 18 and 19 containing 
unbound and bound antibodies Q.e. unbound and bound to the fiJter p^er or o&er 

15 absorber 15), respectively, c£^able of binding to HCG. The device also contains a 
piezoelectric film 20 proximal to Ae second zone 19. A sanq>le of urine or serum is 
added to the sample receive 16 which then traveb along the absorber 15 to the vsack 
17. The first zone 18 contains a labelled antibody to HCG and as the sample passes 
throu^ Uie first zone 18, if HCG is present in tibie sample, the labelled antibody to 

20 HCG is picked up by the sample. As the sample passes ficom the first zone 18 to the 
second zone 19, the antigen and antibody fixan a complex. At the second zone 19, a 
second antibody is attached mfher to tiae absorber 15 or the piraoelectric film 20 
which is CBpable of binding ^ antigen-antibody coniplex. In a conventional lateral- 
flow analysis such as a pregnancy tester, a positive r^ult produces a colour change at 

25 the secoxKi zone 19. However, the conventional lateral-flow analysis is restricted to 
clear samples and is essentially suitable only for a positive or n^ative Le* yes/no, 
result The device of the present inveotion, however, usm a piezoelectric film 20. 
Smce only tiie sanq^le at &e preck^termined di^taoce firom &e film is measured, 
contaminanls in the bulk sangjle will not affect tibte reading. Moreover, fte sensitivity 

30 of flie piezoelectric fiDtm provides a quantification of ttie result Quantification of Hie 
r^ult provides a broader applicability to the lateral-flow analysis and also 
disfinguishing between cfifferent quantities of aatig^is reduces the numbea: of 
erraneous results. 



10 



wo 2004/090512 



PCr7GB2004/OOl551 



The device of flie present inventioii is not iKtncted to detecting only one analyte in 
solution. Since the device provides "depth profilingf different analyte may be 
d^ected by employing reagents vAdch selectivefy bind each analyte being detected 
wherein the reagents are different distance fixnn the surface of the transdocer 3. For 
example, two analytes may be detected using two reagents, the first reag^t being 
positioned at a first distance from the film and the second reagent being positioned at 
a second distance from the fihiL The time delay between each pulse of 
electromaguetic radiation and the generation of electrical signal will be differmt for ; 
the two analytes boxmd to the first and second reagents. 

As well as providing different d^ths, multiple tests may be carried out using different 
types of rea^nts, e.g. different antibodies, at different parts of flie transducer. 
Alternatively, or in addition, multiple t^srts may be carried out using reagmts/analytes 
v^hich respond to different wavelenglhs of electromagnetic radiation. 

The substance generating the heat may be on the sur&ce of the fihn, however, 
preferably tiie substance is at least 5 mn Scorn the surfece of the fihn and, preferably, 
the substance is no more than 500 jim from the surfece of the fiknu^ By selecting a 
sintable time delay, however, a substance in the bulk solution may also be measured. 

As altemativK to antibody-antigen reactions, the reagaat and analyte may be a first 
and seconid nucleic acid where the first and second nucleic acids are complementary, 
or a reagent containing avidin or derivative thereof and an analyte containing biotin 
or derivative thereof or vice versa. The system is also not limited to biological 
assays and may be applied, for ex:ample, to the detection of heavy metals in watCT. 
The systCTa also need not be lumted to liquids and any fluid system maybe us^ e.g. 
the d^ection of oozr/mes, celb and viruses etc. in the air. 

As described hereinabove, the applicant has found that the time delay betweCTi each 
pulse of electromagnetic radiation in the generatiori of an electric signal in flae 
transducer is proportional to the distance of the substance from Ihe film. Moreover, 
the ^piicant has found that the time delay depsids on tiienainre of die mediiun itself 
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InitLaDy, it was suzpnsmg that a litpiid medium does not totally dampen &e signal. 
However, the applicant has found that changes in the nature of &e medium can alter 
the time delay (i.e. until signal maximum is reached), the magnitude of tiie signal and 
Qie waveform of ihe signal, (i.e. the variation of r^ponse ovs time). 

5 

These changes in the n^ure of the medium may be due to, amongst oth^ things 
variations in the ttiickness of the moKum, flie elasticity of the medium, the hardness 
of flie medium, the deausity of the medium, the deformabihty of the medium, ttie heat 
capacity of the medium or the speed at which sound / shock wavK may be propagated 
10 through the medium. 

Hie variation in time delay depending on the nature of the medium may, in itself 
provide for useftil ^iplicafions. . For example the device of the present invention may 
be used to d^eitmine the progr^s of a chemical reaction, such as a polymerisatioii or 

15 depolymerisation reaction. A device of tiie pr^ent invention is as described above 
further comprising at least one substance proximal to the transducer, the stibstance. 
being capable of absorbing ihe electromagnetic radiation generated by the radiation 
source to generate heat, wherein, in use, the heat generated is transduced into an 
electrical signal by the transducer and is detected by the detector, and the time delay 

20 between each of the pulses of electromagnetic radiation and tbe gmeration of the 
electric signal and/or the magnitude of the signal at a specific time delay, preferably a 
non-zero time delay, vari^ as the reaction progresses. 

The present invention also provide a method for monitoring the progress of a 
25 reaction cortqprising the steps of exposmg reactants in a reaction medium to a 
transducer having a pyroelectric or piezoelectric element and electrodes which is 
capable of ttaaosducing a dbange in heat to an electrical signal, tiie transducer having at 
least one substance proximal to the transducer, tiie substance bdng cs^able of 
absorbing die electromagnetic radiation geuj^ated by the radiation source to generate 
30 heat, irradiating the substance with a smes of pulses of electromagnetic radiation, 
transducing the heat generated into an electrical signal; det^ting the electrical signal 
and the time delay between each pulse of elwtcomagnetic radiation from the radiation 
source and the generation of the electric signal, wherein the time delay between each 
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of the poises of electromagnetic radiation and the generation of the electric signal 
and/or the mpfj^^ti iHi* of the signal at a specific time delay varies as the reaction 
progresses. 

5 E^ampI^ 

A poled polyvinylidene fluoride bimorph, coated in indiimi tin oxide, was used as the 
sensing device in the following examples. 

10 In Examples 1-4 and Comparative ©cainples 1-3, flie sCTsing device was dip-coated in 
polystyrene solution to give a polystyrene layer on top of the indium tin oxide. 
Circular polystyrene '•washers" of mtetnal diameter 5 mm and height 5 mm were 
attached to the polystyrene surface (using pressure sensitive adhesive) to form 
reaction weUs, which could effectively constrain liquids above the surfece of the 

15 sensing device. The weUs hold a total volume of up to 100 pL of liquid. The 
polystyrene washers had been treated wilh a solution of bovine serum albumin (BSA) 
and Tween (RTM) 20 (polyoxyediylene sorbitan monolaurate) to prevent non-specific 
binding of protein molecules to the walls of the reaction welL 

20 Example 1 ■ 

Fig. 4 shows the results of two proof-of-piinciple experiments which detect the 
* presence of (a) a labelled antibody attached to a piezoel^tric film and (b) a labelled 
antibody in solution. The two experimCTts were carried out in reaction wells on the 

25 surfece of polystyrene-coated piezoelectric film, hi the first e^eriment (a) 50 jiL of 
^Id-labelled anti-horseradish peroxidase (HRP) solution (5 jig / ml^ 250 ng total) in 
phosphate buffer (pH 7.2, 100 wM) were added to the reaction well and incubated for 
1 hour, tiien rinsed off and dried. In the second esqperiment (b) fhe sur&ce of the 
polystyrCT.e fThm was blocked by incubation with a solution of bovine senxrn albumin 

30 (1%) and Tween QEITM) 20 (0.5%), then rinsed off and dried. 

50 jiL of premixed silver-enhancer solution (Sigma SE- 100) was added to the first 
reaction well to initiate the CThancement reaction. 50 |iL of prrauxed silver enhancer 



13 



wo 2004/090512 



PCT/GB2004/001551 



solution costasmag 250,ng of gold-labelled anti-HRP was added to the second well to 
initiate the enhancement reaction. 

The wells were then iixadiated with ch<^ped fight of wavelengtti 654 ma with a 
5. chopping frequsacy of 10 Hz. The magnifaide of the TnfnnTn^Tm signal detected by the 
piezoelectric fj^m at a correlation delay of around 10-15 ms was measured. The signal 
was diq^layed on an analogue-to-<Jigital converter. Figl 4 shows ttie results of feese 
enhancement reactions. The y axis shows the signal received by the detector, tOTned 
"Reader value (ADC counts)" and the x axis shows time in seconds. 

10 

In the first experiment (a), the gold-labelled anti-HRP bound to tite surfece mediates 
the reaction between silvea^ ions and reducing agent at the surface of the fihn, leading 
to deposition of metallic silver on to the transducer surfece. In the second experimait 
(b), the gold-labelled anti-HRP in solution mediates the reaction between silver ions 

15 and reducing agent in solution, leading to tiie precipitation of silver particles. The 
kinetic profile of these reactions can be monitored over time, wiftt measurements 
being taken every 10 seconds. Since the bulk solution is at a ^reat^ distance Scorn the 
piezoelectric filVn than the bound label, Bfle or no signal is detected at a correlation 
delay of around 1 0-15 ms. The quantities of anti-HRP used ensure that flie quantity of 

20 anti-HRP on the surface in the first experiment (a) must be equal to or l^s than the 
quantity of anti-HRP in solution in the second experiment (b). 

IncidentaUy, if a signal were detected at a correlation delay aroimd 50-60 ms^ the 
signal for the antibody in bulk solution would be measured rather than tiie bound 
25 antibody on the surface of the transducer, although because of the damping of the 
signal by tihe medium, tiae sJroigth of the signal may be r^Juced. 

Example 2 * 

30 30 ^iL of a 1:30 dilution in 100 mM phosphate buffb:, pH 7.2 of rabbit anti- 
horsemdish peroxidase (HRP) immunoglobulin G (Sigma cat. No P7S99) (IgG) was 
incubated in the reaction well for one hour at room temperature to allow adsorption of 
antibody onto die surface of tiie polystyrene. The soliition was tiien rin^ off and 
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treated with bovine serum albumm (1%) aziil Twesn (RTM) 20 (0.05%) in a 
phDsphate buS^x (30 pL) to block any remamfng adsorption sit^ on the polystyrene 
sur&ce. The well was rinsed with deionised water and dried. 30 {xL of horseradish 
peroxidase sohition (125 yu^xxxL in 100 mM phosphate bu&sr) was then added to the 
reaction well and incubated for 1 hour then rinsed ofiEl 30 {iL of gold-labelled goat 
(Fab')2 antirhorseradish peroxidase (British Bioc^) (1:10 dilution in 100 mM 
phosphate buffer) was added for one hour at room tempsature. The well was then 
rinsed with deionised water. Silver enhancer solution (Sigma SE-100, consisting of 20 
jiL solution A and 20 solution B, which were premix^ immediately prior to use) was 
thCTi added to the reaction well and the development of metallic silver stain on the 
surfece of the sensor was monitored by illumination of the sensor film using chopped 
light (10 Hz) firom a high-energy blue LED (CTdtting at 470 nm). A voltage is 
genearated across the sensor which is measured using a lock-in amplifier, then 
converted to an aibrfrary digital signal and stored on a PC. 

■* 

Comparative example 1 

The reaction was carded out exactly as described in Example 2 above, except tiiat the 
initial step of adsorbing rabbit anti-HRP onfo the surfece of the sensor was omitted. 

Comparative example 2 

The reaction was carried out exactly as described in Example 2 above, except that the 
incubation step with horseradish pax>xidase was omitted. 

Comparative example 3 

The reaction was carried out exactly as described above in Example 2, except that the 
incubation step with the gold-labelled goat (FabOa anti-horseradish peroxidase 
antibody was omittedL 

Fig. 5 sho\^'s the results firom Example 2 and Comparative examples 1 to 3 (4 runs of 
eadi). The four ^^^^ series which give rise to a rapid signal are due to tiie rabbit anti- 
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EDElP/EIRP/gDld-labelled goat anti-HRP sandwich on flie surfece of the sensor 
(Example 2). All other data series are doe to control reactions (Compaiaiive 
examples 1 to 3). 

■ Rabbit anti-horseradish papxidase (HRP) immtmoglobulin G (Sigma cat No P7899) 
(IgG) (30 pL of a 1 :30 dilution in 100 mM phosphate hviffer, pH 7.2) was incubated m 
two reaction wells for one hour at room tenaperature to allow adsorption of antibody 

10 onto the surfece of the polystyrene. The solutions were then rins^ off and treated 
witili bovine serum aXbumin (1%) and Tween (RTM) 20 (0.05%) nx phosphate buffer 
(30 jiL) to block any remainiBg adsorption sites on the polystyrene surfece. The wells 
were rinsed wife deionised water and dried. 10 pJL of horseradish peroxidase solution 
(125 }ig / mL in 100 mM phosphate buffer) was then added to reaction well 1, 

15 wdiereas 10 fiL of phosphate bufer alone was added to reaction weU 2, These were 
left for 15 mins to incubate, flien 30 fiL of gold-labelled goat (Tab% anti-horseradish 
peroxidase (British BioceU) (1:10 dilution in 100 mM phosphate buff<H) was added to 
both wells 1 and 2 for 15 mins at room ten^erature. Silver enhancer solution (Sigma 
SE-100, consisting of 20 solution A and 20 solution B, which were premixed 

20 immediately prior to use) was then added to both reaction wells and the development 
of metallic silver stain on ttie surfece of the sensor was monitored using the technique 
described previously. 

The preseace of HRP in weU 1 as a model analyte, allows formation of a sandwich 
25 conqjlex on the surfece of the transdocar (rabbit anti-HRP / HRP / gpld-labeUed goat 
anti-HRP), thus localismg some of the gold label onto the surfece in weU 1. The 
absence of HRP in well 2 means that the gold-labelled goat antibody remains in 
solution in well 2. 



30 



The development of signal over time for weUs 1 and 2 was similar to that presentai in 
Fig- 4, illustrating that detection of analyte can take place without washing st^s. 
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Example 4 ^ 

A series of experiments were earned out exactly as d^caibed in Example 2, using 
rabbit aati-HRP IgG adsorbed onto tbe sur&ce of the transducer as the capture 
5 antibody^ HRP as ttie target analyte and gold-labelled^ ^at aoti-HRP Ig<j as the 
r^rter antibody. Five diffoCTt HRP concQitrations were used (100 ng / mL, 10 ng / 
xnL, 1 ng / mT., 100 pg / mL and 1 pg / mLJ). This coiresponded to total quantities of 
HRP equal to 3 ng, 300 pg, 30 pg, 3 pg and 30 fg. The silver-enhancement step was 
earned out as described above. Fig. 6 shows feat the signal is dependmt upou the 
10 amount of analyte used in the reaction. 

Examples 

In this example^ the transducer is coated with a layer of silicone. The signal detected 
15 by tihie transducer depends on both the fhickne^ and the elasticity of the sihcone layer. 

Silicone layers were prepared of varying thickness, with spots of Sudan Black B dye 

placed atop of the silicone layers by addition of dye solution (in ethanol) by pipette. 

Three different layCT thicknesses (200, 133 and 79 pm) and three diffaent total 

amounts of dye were used (by adding either 0.1, 1.0 or 2.5 pL of 10 mmol dm'^ dye 
20 solution), giving a total of nine measurements. Fig. 7 shows that the signal rises 

significantly as the layer thickness fells (for all three dye quantities) where ib& 

coixelation delay is 10 ms. 

Additionally, the thickness of die intervening silicone layear affects the time taken for 
25 the signal to reach a maximtun (i.e. the correlation, delay). This is illustrated in Fig. 8, 
where the thickness of an intervening sihcone layer between a dye spot and the 
transducer was varied between 100 and 500 pm. The y ax^ gives the counts (in 
thousands), whereas fiie x axis givK the conelatidn delay (correlation delay 1 = 5 ms, 
2 — 10 ms, 3 = 1 5 ms, etc). The highest signal is obsQv:ed for a sihcone l^er of 100 
30 lim with a correlation delay of 15 ms to reach this maxfirumi. As the thickness of ttie 
silicone layCT is increased it is obsenred ttiat the signal fells, and at the same tim^ the 
time taken to reach rnaximum also hiareases^ to 50 ms at a silicone layer'thidmess of 
500 pm. 
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Claims 

1 . A device for detecting en&gy geaerated by aon-radiaiive decay in a substance 
on irradiatian with electromagnetic radiation compnsiBg 
5 a racfiationsonicead^ted to generate a seriffi of pulses of electrons 

a transducer having a pyroelectric or piezoelectric elem^t and electrodes which is 
cs^able of transducing the energy generated by the substance into an electrical signal, 
and 

a detector which is enable of detecting the electrical signal generated by the 
10 transducer, 

wh^^in the detector is ad^ted to determine the time delay between eadi pulse of • 
electromagnetic radiation from the radiation source and the generation of the electric 
signal. 

15 2- A device as claimed in claim 1, wherein the substance is an analyte or a 
complete or derivative of the analyte, fee device being used for detecting the analyte in 
a sample, the device furth^ comprising 
. • at least one reagent proximal to the transducer, the reagmt having a binding site 
which is capable of binding tikie analyte or the coixq>l^ or derivative of the analyte, 

20 whCTein the analyte or tifcie complex or derivative of the analyte is capable of absorbing 
the electromagnetic radiation generated by the radiation sonrce to generate energy, 
wherein, in use, the energy is transduced into an electrical signal by the transducer 
and is detected by the detector, and flie time delay between each of the pulses of 
electromagnetic radiation and the generation of the electric signal correspiEmds to the 

25 position of the analyte at any of one or more positions at differmt distances from Hie 
surfece of flie transducer. 

3. A device as claimed in claim 2, wherein the reagent is an antibody and the 
analyte is an anti^n. 

30 

4. A device as claimed in claim 3, wherein the complex or derivative of the 
analyte is a cornplex wife a labelled antibody . 

• . • . 18. ^ , 
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5. - A device as claimed in claim 3, whaein the analyte is a labelled antig^ and 
file electrical signal detected by the detector is invar^ly jjroportional to the presoice 
of an milabelled audgCT in fiie sample.- 

5 6. A device as claimed in claim 4 or 5, wherein the labelled antibody or antigen 
is labelled with a label selected from a dye molecule, a gold particle, a coloured- 
polymer particle, a fluorescent molecule, an enzyme, a red blood cell, a haemoglobin 
molecule, a magnetic particle and a caibon particle. 

10 7. A device as claimed in claim 2, wherein the reagent is a first nucleic acid and. 
the analyte is a second nucleic add and the first and second nucleic acids are 
complementary. 

8. A device as claimed in claim 2, wherein the reagent contains avidin or 
1 5 derivatives thereof and the analyte contains biotin or derivatives thoreofi or vic^ versa. 

9. A device as claimed in claim 1, which is suitable for monitoring the progress 
of a reaction between reactants, fiirther comprising at least one substance proximal to 
the transducer, the substance being capable of absorbing the electromagaetiLc radiation 

20 generated by the radiation source to generate energy, wherein, in use, the energy 
generated is transduced into an electrical signal by the transducer and is detected by 
the detector, and the time delay between each of the pulses of electromagnetic 
radiation and fbe generation of the electric signal and/or the magnitude of the signal at 
a specific time delay varies as the reaction progresses. 

25 

10. A device as claimed in claim 9, wherein the reaction is a polymerisation or 
depolymerisation reaction. 

11. A device as claimed in any preceding claim, wherein the time delay is at l^ist 
30 5 milliseconds, preferably at least 10 milliseconds. 
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12- A device as ckdn^ ia aa^^precsdiDg claim, wnfirdk fee tizn« delay is «> 
greater &saa 500 milHsscoQds, ^i^^^ly no grcatsr &sn '250 xnilBssccinds, nujie 
preferably no greater . than 1 50 iidni^sconds: ; :,r ^ Jt ^: : 

13. A device as claim^ ia smy {n^eced^ claiin^ wiierekt €^^3ln>ii2a^^ 
radiation is Hght^ prefe^ly visible|i^it :^ 



L4. A device as dCTtm^ in any pi^eding ciaiin, ite rea^at is adsorbed 

cm ta&etiniisdiaxr. . j^'^ : V 

ta- * ■ v^-^ ^> " :^rv ^ ^ ^- . 

IS. A device as ciakssidL^B^^ maiyto according to 

of daiiss 2 to S or fee l&cte^^ rlfffiro 9 or 10 are dtssotved or 

suspended in a Ecjnid;. • - ; 



::i5 i6v A device as (daoaed ^ cMaiI4^fin&er oaj^isii^ a well for holdins tixe 
Sqnid m contact wiih dse 



iil.. A. device as cismied in any prs«:^iing claim, fisrdi« coisq^rising a cimiiber fiar 
' steHHtg: otie or more additional reag mt s, 
20 

18. A device as clsiined in claim 16, wh^^rein the additioBal reagent is a labelled 
sat&ocfy fbrprodmaD^Qie sdbs^mtiy fonn^con^lsx or derivatrve of &e asalyte- 

19, A nxB^iod for detectiag: ffltergy ^nocated by ncm-radiative deiay ia a 
25 si&stance on iixadigtlcm with electiomaggigtic ra d i a tion , ciaspdsiE^ gie st^s of 

irradiatiBg ftie snbstoce wifii a sssies of pulses of efectromagnelic ratfiaiiaD to 



^siCTPie eiQestgy^ 

tCT^Jcmg flie disn^ in ©laqgy to an eterfrical m^ml nsoag a fransdnc^ having a 
pymel^rfric or pi^3ei^*ric etetnra* ai^ dsctrodte wMefe is cspobU of tcansd^iciiig a 

30 dian^ m mfergy to m electrical dgnal^^^^"^ . . " V 

defectmg el^tricai signal gwsrsi^ by fee tensdoca; and 

dfecnnining ttie time <^y between pulse of ^ectromagnetic radtfffcioii ftom tbe 
radiation »iirce and fiw generstioai of &e e 



. . ■ • ^' ^: 

20. A medjod for detrcdng aa axmiyte in a seq^L^ ocnr^rising ^ st^is of' 
e3cpo<gmg ihe sgmpfe to a transsfecCT having a pyroe^atic ot pjerodtecfeic efesneati: and ^ ■ , ; \ 
electarodss wMcb is capable of baj^dodog a dningB in eis-gy to an electm^ signaL s . ;;- 



tte fractsixicsT having at ie:^ one reag^sit prasiiaal tb^eio, She r eogsp t bavii:^ 3. i 
blading site vdsich is capable of bimifng tte anaiyte or a implex or dtaivalivre of ftie ~ *^ 



analyte^ the anai)^ or tbs coiiq>ls or denvalive of fite azmlyfe being c^pab^ of 
absoitnag fee ellsrtromagnciic radiation genficaotoi by ths rHdialion source to ^narate 

10 irradiating fiberrageatwiA a seiifiS of pulses of el^^ 

tTTm<;rfnf>fTtg ^!h» gngrgy ggneg'siiBd mto art rfecfadcal sigaal: 

rii»#^^gTfmg- ia^ dbctncal sigisal and ^ time dday betweoi cadi pulro of 
elec^nHnagsxefic rKfistion fitnn the nrxfiation OTurcc and Qxe generation of fiie eiectni: 
s^^iaL ^a^^hfi^ delay betwsaa e^*^ of the poises of ^j^:tro2naS!:^^ radiation 

15 and tbe ^noation of tibe electric sianal ootre^onds to the position of fi!e anafylse at 
msf of dneoitrns^positiot^ at dSffermt distaxH^ Jiom &e sur&ce of transdacer. 



21. A mefiiod as claimed in claim 20, wherein the rea^at is an antibody and fee 



- vanaiyf© is an antigen. 



20 

22* A me&cKi as claimed in claim 21, wherein the amopIeK or derivative of flie 
anaiyte is a complex Vi^i£h a labelled antibody* 

23. A mi^iod as cimmed in claim 21, whsx^em tite anaiyte is a Mieiled antigen and 
23 fl^ dectdcal detecial by the detect is inyacroly proportional to the presence 

of m unlabelkd^ antigen in the sam^ 

24. A m^^bod as claimed in cEahn 22 or 23, wfaesdEn fee labelbd antib^y or 
antig^ is iabefled wi^ a label selo:*^ frcm a dye mol^^e^ a gold p^iabie^ a 

30 coloored-polym^ particle, a finop^ent molCTnle, an ensyme^ a red blood c^ a 
haemoj^obin molecule, a n^gnetic particle azuf a casbon particle. 
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25. A sieaxod as cbanted m claimL 20, wteeau fee^ssKnt is a first nsctesc and 
and the analyts is a secxmd oodeic add snd ^ first ssii second Bizcl^c acids arc 

26- A m^iod as claisMd ia dbnm 20;» wbemiL the reagmt contaim avidxn or 
dmvafiycs fiiaeof ajid the anaiyis contaixis l^otin ofederi^^vgs^ther^f; or vice vtacsa. 



1C A mj^lKKl as daimed ia ati^ of ^mms 20 to 26, jaiieretn a» method is earned 



10 V Htoe s^]i^te to fl^ tra3sdsK»; aiHi-ir^^ 




^ A m^iod fiar gifm^ryteg j^e ;pmgrgsj5?of a^trgabtion couipikiiig file steps of 
;^^vr: sCe& vsas^bmSs m a ire^oa, a pjfToelectric or 

1 1^^^ Ernest ai^ jdectro^fes wfafcb: is"<%?abte a dmss^ ia 



1 ^ ?^^;€neTgy;: to^^ electrical signaly fee teiisducerrjh^^ at one sitbstastt pitzKimaL to 
- : vC&^i txansdocc^ the safasfemce bdbg c^abiefof absoi^^ng fee dectraoaagnsiic radiatKm 
''^ geo'erafed by ^ radiatioa sotsrce to genernte^'eaaergyB^^ decay, * - 

Wadikdii^ Qi^ sabstaice wiSi a ssesics of pulses of ciecteoraagrietic radiation, 

20 V"' cfe^aiimg fee elBctacaT' aad xfee ttaie de!^ betw^sn eaiA ptdse of 

decizmii^gi2e&: xB&sAon &i}m the raifiatkm soorcse aaaii ^ gen^aticm crffee dectnc 
sigoai^ wherciB ftie'fexie delay l^twcm eacit of ^il^ t^efccteraagpfitic x^ii2ti0!i 
and the gesfiffldcaa of fin? etectric sifflal aijd/m^ l&e xaagiaitmiB of the signal at a 
^eciSc tizne ddbay Vislbs as &e ]^ 
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29. A HD^faod ffi clainsal io cMm 28> wi^CTiIhe reactiim p a |«>lynM3satiQn or 
depolyxnerisatioii reaciiosL 
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